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Abstract 
Based on the molecular dynamics (MD) method, the single-crystalline copper nanowire with 
different surface defects is investigated through tension simulation. For comparison, the MD 
tension simulations of perfect nanowire are firstly carried out under different temperatures, 
strain rates, and sizes. It has concluded that the surface-volume ratio significantly affects the 
mechanical properties of nanowire. The surface defects on nanowires are then systematically 
studied in considering different defect orientation and distribution. It is found that the 
Young’s modulus is insensitive of surface defects. However, the yield strength and yield 
point show a significant decrease due to the different defects. Different defects are observed 
to serve as a dislocation source. 
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Introduction 
Due to the excellent electrical and mechanical properties, metallic nanowires play an 
increasingly significant role in the design of nano-devices, such as electronic devices and 
nanomechanical resonators (Xiang et al, 2006). In order to explore the mechanical properties 
of metallic nanowires, numerous studies have been conducted to consider the size, loading 
rate and thermal effects (Melosh et al., 2003; Kondo and Takayanagi,2000). However, the 
materials used in the engineering are not always perfect, because defects are always 
unavoidable such as grain boundary, surface defects and nanocavities etc. Due to the 
limitation of experiments, the nanoscale defect effects are always hard or even impossible to 
be studied through an experimental method. Hence, many numerical studies have been 
contributed to the investigation of the effects of defects on tensile deformation using 
molecular dynamics (MD) simulation.  
Heino et al (1998) studied the crack initiation and propagation in copper with various defects, 
including point defects, grain boundary, and an initial void. Hollow metallic nanowires under 
torsion, considering the size, loading rate and thermal effects and the bending study of such 
kind of nanowires are reported by Jiang et al. (2009). Zhao et al. (2009)  employed MD 
simulation to investigate the centred cylindrical nano-void growth in single-crystal copper, 
the results show, for a given void volume fraction, cell size has an apparent effects on the 
incipient yield strength but negligible effects on the macroscopic effective Young’s modulus. 
Several researchers (e.g., Hasmy, 2002) have demonstrated that, the effect of surfaces exerts 
great effects on the structure and properties of nanoscale materials. Diao et al. (Diao et al., 
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2003) have reported the surface-stress-induced phase transformation in metal nanowires. Due 
to the surface stress, a pseudoelastic behavior and a novel memory effect in the relaxed 
nanowires during tensile loading and unloading have been observed by Liang and Zhou 
(2005).  
It has reported that the surface effects are crucial for nanowires, therefore, the influence of 
surface defects for mechanical properties of nanowires is attracting increased attentions. To 
our best knowledge, there is few research reported for systematic investigation of surface 
defects on nanowires. In order to deeply investigate surface defects on single-crystal copper 
nanowire, in this paper, we will consider different kinds of surface defects. In addition, the 
perfect single-crystal copper nanowire without defect is also thoroughly investigated for 
validation of the simulation model and comparison. 
MD simulation model  
MD simulations are carried out on single-crystal copper nanowire, the rectangular nanowires 
cut from bulk single crystal copper have been considered. The simulation models are shown 
in Fig. 1, including perfect nanowire; Case 1: with horizon surface defect; Case 2: with 
vertical surface defect; Case 3: with 45 surface defect, Case 4: with corner surface defect; 
Case 5: with edge surface defect. Different models are generated by removing the same 
amount of atoms according to different orientation on the nanowires’ surface. The initial 
atomic configuration is positioned at the FCC lattice sites. The x, y, and z coordinate axes 
represent the lattice direction of [100], [010], [001] respectively. Periodic boundary condition 
is applied in the z direction with the free surfaces in x and y directions. The nanowires are 
first relaxed to a minimum energy state using conjugate gradient energy minimization and 
then the Nose-Hoover thermostat (Nosé, S., 1984). is employed to equilibrate the nanowires 
at certain temperatures. 
 
Fig. 1.Simulation models: (a) Perfect nanowire; (b) Surface horizon defect; (c) Surface vertical defect; 
(d) Surface 45 degree defect; (e) Surface corner defect; (f) Surface edge defect. 
The embedded-atom-method (EAM) potential developed for copper by Mishin et al. (2001) is 
used to describe the atomic interactions during these simulations and the equations of motion 
are integrated with time using a Velocity Verlet algorithm. In order to analyse the partial 
dislocation and stacking faults (SFs) during the tensile deformation, the centro-symmetry 
parameter ( )csp  (Kelchner et al., 1998) is used, which increases from 0 for perfect FCC 
lattice to positive values for defects and for atoms close to free surfaces. During this work, 
0.5 3csp  ,3 12csp  , and 12csp   will be assigned to identify the partial dislocations, 
SFs and surface atoms, respectively.  
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Stress-strain curves of perfect nanowires under tensile 
As shown in Fig. 2(a), the stress-strain curves of different strain rates essentially coincide 
during the elastic part of the deformation, indicating Young’s modulus independence of strain 
rate as expected. However, the yield strength, which is the maximum stress in these cases, 
increases from 9.85 GPa to 12.33 GPa as the strain rate increases from 8 12.5 10 s  to 
9 13 10 s . As the strain rate increases, the schematic of stress-strain curve turns out to be 
different. We find that when strain rate greater than 9 11 10 s  will cause the specimen 
transforms homogeneously to an amorphous state, no obvious dislocation is formed. This 
strain rate sensitive issue is found consistent with previous researchers (e.g. Koh and Lee 
(2006)). The yield strength is found highly dependent on the strain rate, and the dependency 
is changed at different ranges of strain rates. We find strain rates ranging between 8 12.5 10 s  
and 
9 11 10 s  appear less effect on the yield strength. Accordingly, we can expect that for strain rates 
below 
8 12.5 10 s , the yield strength will appear less sensitive to strain rates. 
 
Fig. 2:Stress-strain curves: (a) At different strain rates; (b) At different temperatures. 
Fig. 2(b) shows the stress-strain curves at different temperatures from 0 K to 700 K. It is 
observed that both yield strength, and Young’s modulus are decreased when temperature 
increases. The stress-strain curves fluctuate due to the thermal velocity. For all curves, the 
stress-strain relation is almost linear before the first peak point. After reaching the peak value, 
the stress goes down dramatically, and then the stress-strain curve is saw-toothed.  
From Fig. 2, we can find that the start (initial) stresses of stress-strain curves are not zero 
with zero strain after using NVT relaxation. To investigate this issue, the size of the nanowire 
is denoted as d d l  , where d  and l  are the cross-section size and length of nanowire, 
respectively. Thus, we firstly define the following surface-to-volume ratio: 
 
2
2
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   

 when l d  (1) 
Obviously, according to Eq. 1, we find R  is independent of the length of the nanowire l , but 
is inversely proportional to the cross-section size d . 
Fig. 3(a) shows the initial stress ( zz ) along the length direction regarding to four groups of 
different cross-section size. Five different lengths have been considered in each group. 
According to Fig. 3(a), we find that if the cross-section size is the same, the initial stress will 
approximately be the same though with different length. However, obvious different initial 
stresses are found between different cross-section sizes. It reveals that the initial stress is only 
related to the value of R. As illustrated in Fig. 3(b), we find the relationship between the 
initial stress and the area-to-volume ratio is well expressed by the linear function, 
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0.82 0.15zz R   . We can simply let 0zz  , then 21.87d nm , which means the surface 
effect can be ignored when the cross-section size is larger than 21.87nm. This phenomenon 
has proven again that surface effect is a very important factor in investigation of mechanical 
properties of nanowire. 
 
Fig. 3:(a) Axial stress versus time; (b) Axial stress versus area-to-volume ratio. 
Mechanical properties of nanowire with surface defects 
Five cases with different surface defects on nanowires have been considered as shown in Fig. 
1. In order to exclude other factor’s effect, all the simulations are carried out at 0K with the 
time step of 2fs. The strain rate applied in this part is 8 15 10 s .  
Fig. 4 shows the stress-strain curves of five surface defected cases, as well as the perfect 
nanowire. It is obvious that the curves show almost the same in the elastic region, which 
indicates that the Young’s modulus is not sensitive of surface defects. This conclusion agrees 
with Zhao et al. (2009), who reported the Young’s modulus was independent of the nano-
void.  
However, comparing with the perfect nanowire, surface defects led to a great decrease of the 
yield strength and yield point. It is found from Fig. 4, that all the nanowires with surface 
defects reach yield point earlier then the perfect nanowire. In particular, the largest decrease 
around 34.20% is found for Case 3 in the yield strength, which is more than six times of the 
least decrease in Case 5 with about 5.17% decrease. However, Case 1 and 2 share almost the 
same decrease, with 19.93% and 20.31%, respectively. Case 4 appears a bit less decrease in 
yield strength, with about 16.96% decrease. The yield point shares the same decrease pattern.  
 
Fig. 4:Stress-strain curves of nanowires with different surface defects. 
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Fig. 5 shows the atomic configurations of the five surface defected nanowires. Different 
strain points are chosen to best clarify the deformation processes of different cases. Fig. 5(a) 
shows that large dislocations have generated in Case 3 near the yield point when the other 
four defected cases still have no apparent dislocation. These large dislocations in Case 3 
explained the big decrease of the stress as show in Fig. 4, which also indicated Case 3 as the 
earliest yielding case, with the smallest yielding strain.  
According to Fig. 5(b), we find that obvious dislocations are emerged in all five defected 
cases. However, for the perfect nanowire, there are still only some partial dislocations, which 
have approved the obvious defect’s effect to the mechanical behaviours of nanowire. Again, 
we find Case 3 possesses more dislocations than other four defected cases. Actually, for the 
FCC crystal, the preferred slip planes are {111} planes. We find that the 45 surface defect is 
right on the close-packed direction of the slip plane, which makes the dislocations easier to 
generate, and eventually induces early yielding. One important finding is that, for defected 
cases, dislocations are all found around the locations of surface defects, which mean the 
surface defects play an important role as a dislocation source.  
Fig. 5(c) shows the atomic configurations at the strain of 0.6. We find that all defected 
nanowires have broken up, while the perfect nanowire only appears necking phenomenon. 
This is also implied by the stress-strain curves in Fig. 4, as the perfect nanowire has the 
largest stress at the strain of 0.6. Further, the broken up positions for each case are different, 
with Case 1 and 3 break up around the middle of the nanowire, and the left three defected 
cases break up near the ending. 
 
Fig. 5:Atomic configurations of nanowires with different surface defects. (a) Strain near yield point; 
(b) Strain near 0.10; (c) Strain at 0.60. Atoms with the csp value between 0~16 are visualized. 
Conclusions 
Molecular dynamics (MD) simulations are performed to study mechanical properties of mono-
crystalline copper nanowires without and with different surface defects through tension. The 
properties under different temperatures and strain rates for a perfect nanowire under tensile 
deformation are firstly studied. The surface effect for initial stress is also investigated. The surface 
defects with different orientations and positions on single-crystal copper nanowire are then 
systematically studied through MD tension simulation. It has concluded that: the surface effect is a 
very important factor for properties of nanowires; the surface defects significantly affect the 
properties of nanowires; different defects perform different effects; Young’s modulus is insensitive to 
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surface defects and the yield strength and yield point show an significant decrease due to the surface 
defects; and different defects serve as a dislocation source during tensile deformation, it means 
dislocation is first generated around the defects; further, different broken up locations are observed 
due to different surface defects. 
This study has provided a fundamental and deep understanding of mechanical properties of nanowire 
with surface defects. Hence, this study is important for further research and application in nanowires.  
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